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Jasmonic acidThe mode of disease progression during Alternaria brassicicola infection, a prototype of necrotrophic fungal
infection, was studied in mustard, Brassica juncea. During the disease advancement in mustard after infection
with A. brassicicola, production of reactive oxygen species occured within 16 to 24 h in B. juncea cells. Severe ne-
crosis was observed after 2 days of infection in B. juncea leaves with the development of necrotic DNA. The tran-
scriptional activation of jasmonic acid carboxylmethyl transferase (JMT) was observed after 2 days post infection
with A. brassicicola. Differential expression of JMTwas observed in various tissues of mustard with the detection
of the protein inmustard leaves only after treatmentwith jasmonic acid, but always found in young buds and to a
lesser extent in opened ﬂowers. Since JMT is involved in positive feedback regulation of jasmonate pathway and
the jasmonic acid responsive genes, it could be a good target for achieving resistance against necrotrophic
pathogens.
© 2015 Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Plants encounter several different types of pathogens. Plant immune
system responds to the attack from these pathogens according to their
type by activating three major pathways, which are mediated by
salicylic acid (SA), jasmonic acid (JA) and ethylene (ET). Attack by
biotrophic pathogens triggers the accumulation of the signal molecule,
salicylic acid (SA) that upregulates a number of genes, such as PR1
(pathogenesis-related 1), BG2 (beta-glucanase 2), and PR5
(pathogenesis-related 5) (Ward et al., 1991). Hence, SA-dependent
defense responses are effective in defense against pathogens such as
Erysiphe orontii, Peronospora parasitica and Pseudomonas syringae (Cao
et al., 1994; Delaney et al., 1994; Cao et al., 1997; Reuber et al., 1998).
Pathogen attack could also trigger accumulation of jasmonic acid (JA)
and ethylene (ET), but they activate a different set of defense effector
genes, including plant defensin (PDF1.2) (Penninckx et al., 1998), and
chitinase (Thomma et al., 1998). Generally, it has been observed that
SA-dependent defense responses are effective against biotrophic
pathogens (Cao et al., 1994; Delaney et al., 1994; Cao et al., 1997;
Reuber et al., 1998), whereas JA-dependent defense responses are
against necrotrophic pathogens (Staswick et al., 1998; Thomma et al.,
1998; Norman-Setterblad et al., 2000).
Alternaria brassicicola is a necrotrophic fungus that causes a foliar
disease, dark leaf spot (also called as black spot disease) on manyaccess article under the CC BY-NC-NDeconomically important crucifer species. In addition to this,
A. brassicicola is an excellent model system to study pathogenesis of
fungal necrotrophs and therefore, can be utilized in developing
strategies for effective resistance in crop plants against necrotrophic
pathogens. For example, the salicylic acid hydrolase (NahG) expressing
transgenic plants, where SA accumulation was artiﬁcially prevented,
could very well retain their resistance against A. brassicicola, thus
suggesting that SA is not necessary for resistance to this class of fungal
pathogens (Thomma et al., 1998). In fact, A. brassicicola seems to be a
good model of pathogenic necrotroph when studying the JA mediated
defense signaling pathways in plants. An interesting study on how
A. brassicicola grows on various leaf surfaces reported that its hyphae
penetrated through the epidermis and the stomata in cauliﬂower,
while the fungal growth in mustard was mostly on the leaf surface
over the epidermis (Sharma et al., 2014). Similarly, another
comparative analysis of infection on the susceptible host (mustard,
Brassica juncea) and a resistant host (white mustard, Sinapis alba),
showed that the infection on mustard lead to the accumulation of SA
and enhanced expression of the SA marker gene, PR1, whereas the
resistant host responded by upregulating JA related gene expression,
accumulation of Abscisic acid (ABA) and enhanced expression of the
genes involved in ABA biosynthesis. Also, the exogenous application of
ABA on mustard leaves resulted in delayed progression of the disease
(Mazumder et al., 2013).
Otani et al. (1998) observed that the spore suspension of
A. brassicicolawas pathogenic to Brassica species when germinated on
the surface of Brassica leaves. In a detached leaf assay, the sporelicense (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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necrotic lesions on mustard leaves susceptible to the pathogen, but did
not cause visible symptoms on non-host leaves. A. brassicicola produced
a 35 kDa host-speciﬁc toxic protein, AB-toxin, the ﬁrst reported among
themanyhost-speciﬁc toxins producedbyAlternaria species. The spores
began to germinatewithin 12h andmore than 80% of spores had germi-
nated by 18 h after inoculation. The toxicity was ﬁrst detected after 12 h
of incubation and activity increased gradually with time until 24 h
(Otani et al., 1998).
In the present study, we sought to understand two different
aspects of “plant pathogen infection” triggered by
A. brassicicola—(a) physiological changes at the site of infection on
B. juncea leaves following inoculation with A. brassicicola and
(b) immediate responses triggered in the host. Notably, we have ob-
served the upregulation of jasmonic acid carboxyl methyl transferase
(JMT) gene in B. juncea upon infection with A. brassicicola. JMT is a
key enzyme that catalyzes the conversion of jasmonic acid to methyl
jasmonate (MeJA) (Seo et al., 2001). MeJA is a semi-volatile organic
compound that is involved in plant defense, inter-plant transfer of
resistance and many other developmental pathways (Creelman and
Mullet, 1997; Wasternack and Hause, 2002; Cheong and Choi,
2003; Wasternack, 2014). Our observations are reported in this
communication.
2. Materials and methods
2.1. Preparation of spores and plant inoculation
Isolates of A. brassicicola were inoculated on potato dextrose agar
media in Petri dishes (90 mm diameter) and incubated in the dark at
25 °C for 2 weeks. These Petri dishes were ﬂooded with 10 ml distilled
water, and the spores were collected by brushing the surface with a
soft paint brush. All spore suspensions were ﬁltered through six layers
of cheesecloth to remove mycelial debris and washed three times with
distilled water by centrifugation at 600 ×g for 5 min. The spore concen-
tration in the suspensions was adjusted to 1 × 105 spores/ml with dis-
tilled water (Bowling et al., 1994). Inoculation of the leaves of
B. juncea plants with A. brassicicola was performed on 4-week-old,
soil-grown plants by placing three 5 μl drops of a suspension of
5 × 105 conidial spores per ml of water on each leaf.
2.2. Detection of reactive oxygen species (ROS) by measuring H2O2
Leaf epidermal peels were pre-treated with 10 mM K+-MES
(pH 6.1) and 50 mM KCl solution for 30 min for stabilization under
cool ﬂuorescent light. The peels were then incubated in the same buffer
containing 50 μM H2DCF-DA (ﬂuorescent dye, 2′,7′ dichloroﬂuorescein
diacetate) for 10 min in PBS, pH 7.5 as described in Bass et al. (1983)
at 25 ± 1 °C. To detect the formation of ROS, the strips were rinsed
with incubation buffer to wash off excessive ﬂuorophore and the
guard cells were observed at 485 nm/525 nm excitation/emission
wavelengths under an inverted ﬂuorescence microscope (Optiphot-2,
Nikon, Japan) ﬁtted with a monochrome high-resolution digital cooled
charge-coupled device camera. The captured images were analyzed by
using NIH Image J software for Windows (Suhita et al., 2004).
Fluorescence intensity was measured in pixels in a scale of 0 (darkest)
to 250 (brightest).
2.3. Cloning of JMT cDNA from B. juncea
Total RNAwas isolated from frozen leaves using TRI reagent (Sigma-
Aldrich) as permanufacturer's instructions. Rapid ampliﬁcation of cDNA
ends (RACE) at the 5′ region was carried out using RACE-RT-PCR with
5 μg of total RNA from young ﬂoral buds and Alternaria infected leaf
tissues of mustard, B. juncea (L) Czern & Coss cv. Pusa Jai Kisan and
anchored oligo dT primer, using GeneRacer™ kit and Superscript™reverse transcriptase (Invitrogen Corporation, USA) following
manufacturer's instructions. In both the cases, ~1.2 kb JMT cDNA was
ampliﬁed using Brassica rapa NTR1 (ﬂoral nectar speciﬁc gene) (Acces-
sion no. AF179222) speciﬁc primers, JMT F and JMT R (JMT F: 5′ACCT
CGAGATGGAAGTAATGCGAATTC 3′ and JMT R: 5′ AACCCATGGCTAAC
CCATTCTTAGGAG 3′) and cloned in pTZ57R vector (MBI Fermentas,
Germany). Further 5′ and 3′ RACEwere performed to determine the se-
quence of the untranslated regions (UTRs). The sequence was submit-
ted to the NCBI GenBank under the accession number AY667499.
2.4. Southern and Northern analyses
Total genomic DNA was isolated from young leaves of different
Brassica species (Doyle and Doyle, 1990). Ten micrograms of total
genomic DNA was digested with PstI and XbaI and the restriction frag-
ments were electrophoresed on 0.8% agarose gel. For Southern analysis,
DNA fragments were transferred to nylon-N+ membrane (Amersham
Biosciences, USA) and subjected to hybridization with α32P-ATP labeled
partial JMT cDNA probe in Church–Gilbert buffer at 65 °C for 16 h. Strin-
gency washes were carried out two times with 2 × SSC, 0.1% SDS at
65 °C for 5 min each, followed by three washes with 1 × SSC, 0.1% SDS
at room temperature for 10 min each, and subjected to autoradiography
(Meur et al., 2006). For Northern analysis, 15 μg of total RNA was dena-
tured in 95% deionized formamide, 0.025% SDS, 0.5 mM EDTA at 55 °C
for 15 min, subjected to electrophoresis on 1.2% formaldehyde-agarose
gel with 1 × MOPS buffer and was hybridized in Church–Gilbert buffer
(pH 7.0) at 60 °C and processed as described above (Meur et al., 2006).
The gene probes used in Northern analyses were JMT and 18S rRNA.
2.5. Prokaryotic expression, puriﬁcation and raising antibody of JMT
B. juncea JMT cDNA was cloned at XhoI and NcoI restriction sites of
pRSET B vector and was transformed into Escherichia coli strain BL21
(DE3) pLysS. Finally, the transformed culture was grown at 37 °C until
OD600 = 0.5, followed by induction with 1 mM IPTG for 3–4 h at
30 °C. The 47 kDa Histidine (His)-tagged JMT fusion protein was
puriﬁed using Ni-NTA afﬁnity chromatography. Anti-JMT polyclonal
antibody was raised in rabbit with puriﬁed JMT protein.
2.6. Western blot analysis
Total plant proteinwas extracted by grinding 1 g of JA-treated and un-
treated leaves andﬂower buds in3ml of ice-coldprotein extractionbuffer
(50 mM Tris–HCl — pH 7.5, 150 mM NaCl, 10 mMMgCl2, 5 mM EDTA,
10% Glycerol, and protease inhibitors: 50 mg/ml TPCK, 50 g/ml TLCK,
and 10 mM PMSF) and analyzed by SDS-PAGE. Protein concentration
was quantiﬁed using Bradford method using BSA as standard. After elec-
trophoresis, the proteins were transferred to a PVDF membrane (Pall
Gellmann Corporation USA). Western blot analysis was carried out
using anti-JMT rabbit polyclonal anti-sera. Polyclonal antibody of JMT di-
luted in the ratio of 1: 5000 was applied followed by horse radish perox-
idase (HRP) conjugated goat anti rabbit IgG antibody (Bangalore GENEi,
India). The visualization of the speciﬁc cross-reactivity was carried out
with the HRP substrate TMB (3, 3′, 5, 5′-tetramethylbenzidine)/H2O2 for
color detection.
3. Results
3.1. Disease progression during A. brassicicola infection on mustard leaves
was accompanied by severe tissue damage and production of ROS
Upon inoculation of the mustard leaves with a spore suspension of
A. brassicicola (1 × 105 spores/ml) and incubation at appropriate condi-
tions (25 °C; 100%RH), thedisease progressionwas observed as demon-
strated in Fig. 1. One of the early symptoms of A. brassicicola infection
was the appearance of water soaked necrotic lesions within 48 h
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Fig. 1. Disease progression during Alternaria leaf spot infection on B. juncea. Different stages (B–H) during the disease progression on B. juncea leaves from 1st to 6th day after inoculation
with 10 μl drops of conidial spore suspension containing 1×105 spores/ml inwater and incubating theplants at 25 °Cunder 100%humidity for 2 days. Healthy leaf (A), infected area shows
black sporulating mass from 3–4 days onwards (D) and the necrosis at the infected site (G) followed by yellowing of large area of surrounding tissues (H).
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4 days post inoculation (DPI), which appeared as black masses
(Fig. 1D and E). After 5–6 days, a large, yellow halo surrounding the
black spot could be observed (Fig. 1F–H). In the infected area, the
damage and maceration of tissue was clearly visible (Fig. 2A). The
germination of the spores and the growth of the fungal mycelia were
studied under ﬂuorescence microscope after staining with DAPI,
which generated a blue ﬂuorescent image of the fungal mycelia
(Fig. 2B). An area of Fig. 2B was enlarged to show the growth of the
fungal mycelia inside as well as surrounding the leaf tissue. The
germinating spores could be observed in Fig. 2C.
To examine whether leaves inoculated with A. brassicicola were
producing ROS, the epidermal tissue from the fungal infected area on
the leaf surface was peeled off and subjected to analysis for ROS using
confocal microscopy (Fig. 3A–C). Formation of ROS indicates hypersen-
sitive response (HR) and is generally followed by ROS-mediated cell
death. Formation of ROS was quantiﬁed at different time intervals
after inoculation of B. juncea leaves with spore suspension of
A. brassicicola (Fig. 4A, B and C). As shown in Fig. 4D, the ROS level
had reached a high at 16 h post inoculation (HPI) and decreased at 24
HPI thereafter (Fig. 4D). As shown in Fig. 1, the ROS and HR were
probably not sufﬁcient during A. brassicicola infection on susceptible
mustard species to restrict the growth of pathogen. Moreover, there
was rapid colonization of the pathogen and sporulating fungal bodies
were visible by 4 DPI.
To determinewhether ROS-accumulating cells exhibited signs of cell
death, nuclear condensationwas checked using amembrane permeable
DNA-binding dye 4′, 6-amidino-2-phenyl-indole (DAPI). Earlier reports
detected condensed nuclei in hypersensitively reacting cells during
pathogen attack (Levine et al., 1994; Alvarez et al., 1998). However,
the nuclei in the affected cells appeared as smear spread throughout
the cell (Fig. 5C and D) suggesting necrosis of DNA in both guard cells
and epidermal cells. There was no sign of nuclear condensation
characteristic of PCD. Hence, theROS-mediated cell death in the infected
mustard cells was because of necrosis, and not because of programmed
cell death (PCD). Further, when total genomic DNA was isolated from
healthy (control) leaves and Alternaria infected leaves after 2 and 4
DPI and analyzed by agarose gel electrophoresis (Fig. 5E), smearing
and necrosis of DNAwere observed instead of PCD associated laddering
suggesting necrosis. However, it was not clearwhether the necrosiswas
only because of ROS or due to the AB-toxin produced by the pathogen,as neither an inhibitor of ROS was used in the present experiment nor
an antibody could be generated for the toxin as it is not a protein.
3.2. Expression of JMT gene during A. brassicicola infection of mustard
leaves
JA level has been shown to increase signiﬁcantly in response to
A. brassicicola infection and JA was an important signal molecule for
A. brassicicola resistance (Penninckx et al., 1996). JA then modulates
gene expression or can be further methylated to volatile methyl
jasmonate by jasmonic acid carboxy methyl transferase (JMT). When
the RNA gel blot was hybridized to the cDNA of jasmonic acid carboxyl
methyl transferase (JMT) homolog from mustard, its expression was
noticed. JMT catalyzes the conversion of JA to a volatile cellular
regulator—MeJA, which mediates diverse developmental processes
and defense responses in plants (Creelman and Mullet, 1997;
Reymond and Farmer, 1998). It could be observed in Fig. 6 that there
was a pronounced increase in JMT transcript level after 2 DPI, which
was reduced at 4 DPI. There was no detectable signal for the transcript
in healthy leaves, which were used as control (Fig. 6). From these
results, it is clear that there is transcriptional induction of JMT in
B. juncea due to A. brassicicola infection.
3.3. Cloning and sequence analysis of JMT gene from B. juncea
JMT homolog of B. rapa, previously known as NTR1 was cloned by
Song et al. (2000), and an abundance of NTR1 transcripts in young ﬂoral
buds was detected. B. rapa NTR1 speciﬁc primers (Accession no.
AF179222), JMT F and JMT R were designed and used in RT-PCR
mediated ampliﬁcation of cDNA of JMT homolog from mustard. Total
RNA was isolated from young ﬂoral buds and Alternaria infected leaf
tissues. In both the cases, ~1.2 kb JMT cDNA was ampliﬁed (Fig. S1A),
whichwas separately cloned in pTZ57R/T vector by T/A cloningmethod
and sequenced. The nucleotide sequence of both the clones from
B. juncea was identical to NTR1. The resulting clone was named as
pTZ-JMT.
Further, 5′ and 3′ RACE were performed to determine the sequence
of the UTRs. The RACE products were analyzed by agarose gel
electrophoresis (Fig. S1B) and the complete cDNA sequence is
presented in Fig. S2. The 5′ UTR was of 46 nucleotides in length, while
the 3′ UTR was 127 nucleotides excluding an 18-mer poly-A tract
Fig. 2.Germination of A. brassicicola spores on B. juncea leaves and associated damages to the host cells. (A) Image of a damaged area during fungal growth under lightmicroscope. (B) The
same microscopic ﬁeld under ﬂuorescence light (excitation at 380 nm and emission at 420 nm) after staining with DAPI. The growth of fungal mycelia, on and inside, the plant tissue is
clearly visible at the marked areas with white arrows. (C) Germination of spores and growth of mycelia, 2 days after infection. Bar in the right hand side corner represents 100 μm.
Fig. 3. Accumulation of reactive oxygen species (ROS) upon Alternaria infection on B. juncea leaves. Fully expanded B. juncea leaves were inoculated with A. brassicicola spore suspension
and allowed to germinate and grow for 24 h. Epidermal peels were treated with 10 mM K+-MES (pH 6.1) and 50 mM KCl solution containing 50 μMH2DCF-DA for 10 min to detect the
formation of ROS at 485 nm/525 nm excitation/emission wavelengths. (A) Autoﬂuorescence of chloroplast under UV-light for uninfected B. juncea leaf tissues; (B) ROS production in epi-
dermal cell infected with A. brassicicola; image at 40× resolution; (C) ROS in stomatal cells; image at 10× resolution. Bar represents 100 μm.
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Fig. 4. Changes in level of ROS during the course of infection. ROS level measuredwith H2-DCF-DA in control, 16 h and 24 h post infection of B. juncea leaveswith A. brassicicola (A–C). The
absolute values for the average intensity of the ROS ﬂuorescence were plotted in a bar diagram to visualize at a glance the ROS level at different time intervals following A. brassicicola
infection (D).
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1179 nucleotides in length potentially capable of coding for a 392
amino acid protein. Alignment of the deduced amino acid sequences
of BjJMTwith related JMT of other plant species displayed its signiﬁcant
similarity with BrNTR1 of B. rapa (99.74%), AtJMT of Arabidopsis
(85.60%) and CaJMT of Cicer arietinum (84.32%) while PtJMT of Populus
trichocarpa showed 59.62% identity (Fig. 7). Phylogenetic analysis
showed that BjJMT was most closely related to BrNTR1, AtJMT and
CaJMT (Fig. 8).
In order to estimate the copy number of JMT in Brassica sp., Southern
blot analysis was carried out with total genomic DNA from different
monogenomic (diploid) and di-genomic (amphidiploid) Brassica
species, digested with either PstI or XbaI. As shown in Fig. 9, copy
number analysis for the JMT gene varied from one to multiple copies
among different Brassica species analyzed in the investigation.
3.4. Transcriptional induction of JMT
As shown in Fig. 6, the JMT transcripts were not detectable in control
leaves and induced in leaves upon A. brassicicola infection. Different
monogenomic and digenomic Brassica species were treated with
100 μM JA and RNA was extracted 6 h and 12 h after the treatment for
Northern analysis. As shown in Fig. 10, there was an increase in the
JMT transcript level 12 h after JA treatment compared to 6 h. Northern
analysis was carried out with RNA isolated from young bud, ﬂowerand JA-treated leaves from B. juncea. The JMT transcript was detected
in all the tissues; however, the level of transcript was much higher in
bud and ﬂower, compared to treated leaves (Fig. S3).
3.5. JMT induced in response to JA in leaves
In order to detect JMTprotein in different plant tissues, total plant pro-
tein was extracted by grinding 1 g of JA-treated and untreated leaves and
ﬂower buds in 3 ml of ice-cold protein extraction buffer and analyzed by
SDS-PAGE. The proteins were then electro-blotted on to a PVDF mem-
brane and western analysis was carried out using anti-JMT rabbit poly-
clonal antibody (puriﬁed IgG fraction), which was generated from the
recombinant protein expressed in E.coli (Fig. S4). As illustrated in Fig. 6,
JMT was absent in untreated leaves (Fig. 11, lane 1), whereas after 24 h
of treatment with 100 μM of JA, the protein accumulated in the leaves
(lane 2). However, JMT protein was always detected in young buds and
to a lesser extent in opened ﬂowers (lane 3) without any induction.
4. Discussion
Jasmonic acid signaling is an absolute requirement for modulating
resistance to necrotrophic pathogens and insects. Elucidation of the
molecular mechanism of activation of the jasmonic acid pathway is also
important with respect to genetic manipulation of crops for disease resis-
tance. Yet another important plant signaling molecule that regulates JA
BA
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Fig. 5.Necrosis in Alternaria infected areas on B. juncea leaves. DAPI stained nuclei observed at 380 nm excitation and 425 nm emissions. Epidermal peels with intact nuclei in epidermal
cells and guard cells, respectively, in uninfected leaves (A and B), guard cells and epidermal cells showing visible symptoms of necrosis in the nuclei in fungal affected areas (C and D), total
genomic DNA from healthy and fungal infected leaf tissues after 2 and 4 days after infection (E).
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(JMT) is the key enzyme that catalyzes the conversion of jasmonic acid to
methyl jasmonate (Seo et al., 2001). Involvement of JMT in the regulation
of JA-mediated signalingmakes it an important target gene for developing
resistant crops against necrotrophic pathogens and insects.
The Arabidopsis mutant, esa1 is particularly susceptible to
necrotrophic pathogens like A. brassicicola, Botrytis cinerea and
Plectosphaerella cucumerina, but has wild-type levels of resistance to the
biotrophic pathogen P. syringaepv. tomato. This enhanced the susceptibil-
ity of esa1was correlated with the accumulation of phytoalexin and the
plant defensin gene PDF1.2 (Tierens et al., 2002). Another study showed
that mutations in COI1, an F-box protein required for responses to JA
(Xie et al., 1998; Xu et al., 2002) lead to JA-insensitivity and hence,
susceptibility to A. brassicicola (Thomma et al., 1998). Also, JA was foundto increase signiﬁcantly in response to A. brassicicola infection suggesting
the importance of JA as a signal molecule for resistance against
A. brassicicola (Penninckx et al., 1996). The phytoalexin-deﬁcient
Arabidopsismutant pad3-1, which was affected in the production of the
indole-type phytoalexin, camalexin, was markedly more susceptible
than its wild-type parental line to infection by the necrotrophic fungus
A. brassicicola, but not to B. cinerea (Thomma et al., 1999a). On the other
hand, both jasmonate and ethylene-dependent signaling were necessary
for resistance against B. cinerea, whereas jasmonate, but not ethylene
mediates resistance against A. brassicicola (Thomma et al., 1998, 1999a,
1999b). Therefore, it appears from these results that both JA and
camalexin play critical role in resistance to A. brassicicola.
Several Arabidopsis genes including LOX2, DAD1, AOS, and OPR3 are
known to be required for JA biosynthesis (Bell et al., 1995; Stintzi and
Fig. 6. A. brassicicola infection induced expression of jasmonic acid carboxyl methyl trans-
ferase (JMT) gene. Four to ﬁveweek-old B. juncea plants were infectedwith A. brassicicola.
RNA was isolated after 2 and 4 days of infection, as the necrotic lesion becomes visible by
4 days after incubating at 25 °C and high humidity 100%. Induction of jasmonate methyl
transferase (JMT) was detected at 2 days after infection and the transcript level decreased
sharply after 4 DPI. The same Northern blot was probed with 18S rRNA probe to demon-
strate equal loading.
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ports on the effects of thesemutations on resistance againstA. brassicicola.
Several large-scale gene expression studies have been undertaken to dis-
sect Arabidopsis resistance to A. brassicicola. Schenk et al. (2000) reported
a microarray study that identiﬁed 168 genes induced by A. brassicicola
3 days post-infection. Schenk et al. (2003) have also examined the gene
expression in distal uninoculated tissues and found 35 geneswith altered
gene expression.
Plant responses to A. brassicicola infection are not aswell understood
compared to other pathogens such as P. Syringae, which are controlled
by SA signaling pathways. We have reported here that during the dis-
ease progression in mustard after infection with A. brassicicola, ROS
was produced within 16 to 24 h. Necrosis was observed in leaves and
necrotic DNA was observed two days later.
Reactive oxygen species (ROS) is an important component of HR
(Lamb and Dixon, 1997; Wojtaszek, 1997). According to Otani et al.
(1998) A. brassicicola spores begin to germinate on Brassica sp. within
12 h with N80% of spores germinating by 18 HPI. During the
germination of spores, A. brassicicola produces the AB-toxin, the level of
which also modulates the germination of spores during the ﬁrst 24 HPI
(Otani et al., 1998) and the production of ROS by the affected leaf tissues
correlated with the level of toxin produced by the germinating conidial
spores. As shown in Fig. 4D, modulation in ROS level was related to the
germination of spores. After the spores started germinating, they induced
the production of ROS, which peaked at 16–18 h. When spores had al-
ready germinated by 24 h, ROS level again decreased.
ROS production is the initial response to trigger an HR and to restrict
the invasion of the pathogen further. HR is considered to be one of the
most important factors in impeding growth of biotrophic pathogens
(Gilchrist, 1998; Piffanelli et al., 1999). However, the strategy of defense
through triggering HR may not be effective against necrotrophic
pathogens. Govrin and Levine (2000) showed that in contrast to
biotrophs, aggressive strains of B. cinerea and the related necrotroph
Sclerotinia sclerotiorum were not deterred by the plant cell death and
could survive on dead tissue and also utilize HR for rapid colonization of
their hosts. However, for effective resistance against necrotrophic patho-
gens, ROS andHRmediated cell deathmaybe inadequate, and sometimes
thismay even facilitate pathogen growth. Correspondingly, our earlier re-
port also suggested that there was no change in transcriptional level of
NPR1, an indicator of SA signaling and HR during disease progression
(Meur et al., 2006). Thus, it is likely that the ROS signal induced by
A. brassicicola did not translate into an HR response in this interaction. In-
stead, we observed transcriptional upregulation of JMT gene after twodays post infection with A. brassicicola in mustard. Normally, JMT protein
was detected in leaves only after treatment with jasmonic acid, but was
always found in young buds and to a lesser extent in opened ﬂowers.
The JMT belongs to a family of carboxylmethyl transferases consisting
of enzymes that catalyze the transfer of themethyl group of S-adenosyl-L-
methionine (SAM) to a free carboxyl group of a corresponding acid. These
enzymes are responsible for the formation of a variety of methyl esters of
secondary metabolites, which have important biological functions in
plants. For example, volatile methyl esters, such as methyl benzoate,
methyl cinnamate, methyl jasmonate, and methyl salicylate are among
the widespread fragrant components in the plant kingdom, where they
contribute signiﬁcantly to the total ﬂoral scent output (Knudsen et al.,
2004).
The JA is the primary intracellular signal transducer and exogenously
applied or airborne MeJA is converted to JA in plant tissues. However,
MeJA itself may have its own role in developmental processes and
defense responses. Seo et al. (2001) generated transgenic Arabidopsis
that constitutively expressed JMT gene, and the transgenic plants
contained elevated level of MeJA without any alteration of JA content. In
the transgenic plants, expression of various jasmonate-responsive genes
was elevated in the absence of wounding or jasmonate treatment. The
transgenic plants exhibited enhanced resistance to the virulent pathogen
B. cinerea. Seo et al. (2001) had also demonstrated with transgenic
Arabidopsis that the expressionof JMT can induce genes involved in JA bio-
synthesis such as LOXII and AOS. This induction may provide more sub-
strate for MeJA synthesis and further induce jasmonate-responsive
genes leading to a positive feedback cycle.We also found that in the geno-
mic pool of Brassica species, JMT gene was present in multiple copies.
Thus, JMT seems to be an important enzyme for activating the jasmonate
mediated defense responses that in turn will guard against necrotrophic
plant pathogens.
5. Conclusions
A. brassicicola infection on B. juncea leaves lead to ROS mediated cell
death of infected cells. We have observed that cell death occurred
because of necrosis. Transcriptional induction of jasmonic acid carboxyl
methyl transferase gene (JMT)was identiﬁed after two days of infection.
Sequence alignment and phylogenetic analysis displayed the close
similarity between BjJMT and BrNTR1. Differential expression of JMT
was also observed in other Brassica species. JMT protein was detected
in leaves only after treatment with jasmonic acid, but always found in
young buds and to a lesser extent in opened ﬂowers.
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